Vacuole membrane protein 1 (Vmp1) is described as a cancer-relevant cell cycle modulator, but the function of this protein and its mode of action in tumor progression are still unknown. In this study, we show that the VMP1 mRNA level is significantly reduced in kidney cancer metastases as compared to primary tumors. Further, VMP1 expression is also decreased in the invasive breast cancer cell lines HCC1954 and MDA-MB-231 as compared to the non-invasive cell lines MCF-12A, T-47D and MCF-7. We show for the first time that Vmp1 is a plasma membrane protein and an essential component of initial cell-cell contacts and tight junction formation. It interacts with the tight junction protein Zonula Occludens-1 and colocalizes in spots between neighboring HEK293 cells. Downregulation of VMP1 by RNAi results in loss of cell adherence, and increases the invasion capacity of the non-invasive kidney cancer cell line Caki-2. In conclusion, our findings establish Vmp1 to be a novel cell-cell adhesion protein and that its expression level determines the invasion and metastatic potential of cancer cells.
Vacuole membrane protein 1 (Vmp1) has been shown in several studies to be involved in cancer-relevant processes. We previously reported that the overexpressed protein is an inhibitor of cell proliferation, anchorage-independent growth (Arlt et al., 2005) and secretory membrane transport (Starkuviene et al., 2004) . In addition, VMP1 was found to be differentially regulated in various cancers (Boer et al., 2001; Chen et al., 2002; Higgins et al., 2003) . Dusetti et al. (2002) found VMP1 mRNA to be highly expressed in acinar cells of rats with acute pancreatitis and in rat kidney after ischemia. They described the rat ortholog as a stress-induced endoplasmic reticulum (ER) protein that promotes vacuole formation and causes cell death when overexpressed. We also found the overexpressed human Vmp1 to induce apoptosis (Sauermann et al., 2007, Supplementary Figure 1) , and that the protein is mostly located in the ER and vacuoles. Here, we show for the first time that endogenously expressed Vmp1 is essentially a cell membrane protein and that it is involved in cell-cell adhesion, invasion and metastasis.
We quantified the mRNA levels of VMP1 in breast cancer patient samples (invasive ductal carcinoma, n ¼ 45) that had been classified in tumor grades 1 (n ¼ 2), 2 (n ¼ 22) and 3 (n ¼ 21), and detected a decreasing trend in expression level with increasing tumor grade ( Figure 1a ). Next, we compared the VMP1 expression in primary kidney tumors (n ¼ 37) and kidney cancer metastases (n ¼ 19). A significant reduction in VMP1 mRNA was observed in the metastases (t-test: P ¼ 0.035, Figure 1b) . These results suggest that reduced expression of VMP1 correlates with malignancy. Then we examined whether VMP1 expression level influences the invasion potential of breast cancer cell lines. In an initial approach, we determined the invasion capacity of five cell lines, and found that the cell line MCF-12A, derived from normal breast epithelium, as well as the breast cancer cell lines T-47D and MCF-7 cells were not invasive (Figure 1c ). In contrast, HCC1954 and MDA-MB-231 had a high invasion rate. Quantification of VMP1 mRNA with RT-PCR showed that cell lines with high invasion rates had significantly lower VMP1 mRNA levels as compared to the noninvading cell lines (Figure 1d ). Although the VMP1 mRNA level in T-47D cells was lowest among the noninvasive cells, the expression level was still 4.5-fold higher than in the invasive HCC1954 and MDA-MB-231 cell lines. This demonstrates that apart from the tumor grades of breast cancer patient samples, VMP1 expression level also correlates with invasiveness of breast cancer cell lines. The results from patient samples and breast epithelial cell lines raised the question, if Vmp1 is involved in metastasis-relevant processes in epithelial cells.
Vacuole membrane protein 1 has been predicted to be a seven transmembrane protein (Hirokawa et al., 1998; Figure 2a ) and the overexpressed human protein was reported to localize to the ER and Golgi apparatus (Starkuviene et al., 2004; Mehrle et al., 2006) . The overexpressed rat protein was shown to induce intracellular vacuole formation with Vmp1 integrated into the membrane of these vacuoles (Dusetti et al., 2002) . We confirmed this effect for the overexpressed human Vmp1 protein, and explored the origin of these vacuoles by staining Vmp1-yellow fluorescent protein (YFP)-transfected HEK293 (embryonic kidney epithelial) cells with antibodies against Golgin-97 and Calnexin, marker proteins for Golgi apparatus and ER, respectively (Figure 2b ). Vmp1 precisely colocalized with Calnexin in both ER and vacuoles, showing that the vacuoles originated from the ER. However, in cells with low overexpression of Vmp1, no vacuole formation was noticed. Instead, Vmp1 was found in the plasma membrane distributed in a punctate pattern (Figure 2c ), suggesting that localization in the ER was due to accumulation of protein caused by high level of overexpression. To verify if Vmp1 is actually a plasma membrane protein, we stained HEK293 cells without permeabilization, using a Vmp1 antibody directed against a predicted extracellular domain. Similar to cells with low overexpression of YFP-fused Vmp1, the endogenous protein was found scattered all over the Figure 1 (a) Quantitative RT-PCR analysis of breast samples. Invasive ductal carcinomas with grading 1-3 were collected at Medical University Graz. Tissue homogenization and RNA isolation were performed as described (Su¨ltmann et al., 2005) . Single-stranded cDNA was transcribed from 1.5 mg total RNA, and 0.5 ng cDNA was used for each reaction of the quantitative real-time PCR. Quantitative RT-PCR for vacuole membrane protein 1 (VMP1) was performed with the ABI Prism 7900HT Sequence Detection System (Applied Biosystems, Weiterstadt, Germany), using the assay on demand Hs00229548_m1 (Applied Biosystems). (b) Quantitative RT-PCR analysis of renal clear-cell carcinoma samples. Renal clear cell carcinoma primary tumor and metastasis samples were collected at the University of Go¨ttingen. Tissue homogenization, RNA isolation and TaqMan analysis were performed as described in panel a. (c) Invasion capacity of breast epithelial cell lines. Invasion was measured for one non-tumorigenic breast cell line (MCF-12A) and four breast cancer cell lines (T-47D, MCF-7, HCC1954 and MDA-MB-231). The invasion assay was performed as previously described (Sahin et al., 2007) . (d) VMP1 expression in breast epithelial cell lines. Total RNA of the cell lines was extracted using the Invisorb Spin cell RNA mini kit (Invitek GmbH, Berlin, Germany) and single-stranded cDNA transcribed from 10 ng total RNA was used for each reaction. VMP1 mRNA was quantified as described in panel a.
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Figure 2 (a) Predicted structure of vacuole membrane protein 1 (Vmp1) (Hirokawa et al., 1998) . (b) Formation of vacuoles in cells with strong overexpression. A cDNA of VMP1 (DKFZp566I133; accession AL136711) was cloned into Gateway expression clones tagged C terminally with YFP (Wiemann et al., 2001) , and transfected into HEK293 cells using Effectene (Qiagen GmbH, Hilden, Germany) according to the manufacturer's instructions. For staining of Vmp1-YFP-overexpressing cells with marker proteins for endoplasmic reticulum (Calnexin) and Golgi apparatus (Golgi-97), cells were grown on cover slides, fixed with 4% paraformaldehyde and permeabilized with 0.2% Triton X-100. After blocking with 3% bovine serum albumin, the cover slides were incubated with the primary and secondary antibodies. Antibodies against Calnexin (BD Bioscience, Heidelberg, Germany) and Golgin-97 (Molecular Probes, Paisley, UK) were used at a dilution of 1:50. Alexa 647-conjugated antibodies (Molecular Probes) were used as secondary antibodies at a dilution of 1:500. Fluorescence images were obtained using a confocal laser scanning microscope (LSM 510 META, Zeiss, Jena, Germany) with a Â 63 oil immersion objective. (c) Vmp1 localizes to the plasma membrane and is a cell-cell contact protein. HEK293 cells with low overexpression of Vmp1-YFP were compared with cells stained for endogenous Vmp1. A specific Vmp1 antibody was generated (Inno-Train Diagnostik GmbH, Kronberg, Germany) against the peptide ARLSGAEPDDEEYQEFE, and used at a dilution of 1:25 for immunocytochemistry. Alexa 647-conjugated antibodies were used as secondary antibodies at a dilution of 1:500. Fluorescence images were obtained as described in panel b. Images one and two show top view of cells. The arrows in image three indicate initial cell-cell contacts.
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M Sauermann et al membrane in single cells (Figure 2c ). However, in subconfluent colonies of cells, Vmp1 was seen as brightly stained puncta at sites of initial cell-cell contacts and at cell-cell borders (Figure 2c ), suggesting that it might be involved in the assembly of intercellular junctions.
To examine if Vmp1 is a cell-cell contact protein, we stained HEK293 cells with antibodies against cell junction markers and examined their possible colocalization Figure 3 For caption refer page 1324.
Vmp1 in intercellular contacts and cell invasion M Sauermann et al with Vmp1 (Figure 3a) . Desmoglein-2, N-Cadherin, Zonula Occludens-1 (ZO-1) and Connexin 43 were used as marker proteins for desmosomes, adherens junctions, tight junctions and gap junctions, respectively. No colocalization of Vmp1 was detected either with Desmoglein-2 or N-Cadherin. Although Connexin 43 staining was seen along the edges of Vmp1 plaques, we never observed exact colocalization. However, a partial overlap of Vmp1 signal with that of ZO-1 was observed in spot-like structures. To test the direct interaction between Vmp1 and ZO-1, co-immunoprecipitations with HEK293 cell lysates were performed using a ZO-1 capture antibody (Figure 3b ). ZO-1 was visible at 220 kDa in the cell lysate and eluate. A band at 47 kDa corresponding to Vmp1 was detected with a Vmp1-specific antibody in the same lysate and eluate fractions of ZO-1 precipitates, confirming the direct interaction of these two proteins.
The spot-like junctions where Vmp1 and ZO-1 colocalize consist of two structures, each contributed by one cell (Figure 4a ). This suggests that similar to ECadherin, Vmp1 molecules present on adjacent cells might form complexes in the intercellular space to initiate the formation of cell junctions. The Z-sectional view of HEK293 cell clusters demonstrates that ZO-1 and Vmp1 colocalize in centers, and ZO-1 scatters to the periphery (Figure 4b ). However, in areas where the tight junctions are almost complete (shown with an arrow in Figure 4c ), no colocalization of Vmp1 with ZO-1 was detected. This shows that the interaction of Vmp1 with ZO-1 is transient, and the interaction ends once ZO-1 is incorporated into the tight junctions. It further hints that Vmp1 functions in primordial junctions, which are formed at points of initial cell-cell contacts, and initiate maturation of tight junctions and adherens junctions (Ando-Akatsuka et al., 1999) . Our assumption that Vmp1 plays an essential role in the formation of cell junctions is further corroborated by the results of a calcium switch assay, which we performed using the normal breast epithelial cell line MCF-10A and the noninvasive breast cancer cell line MCF-7. In both cell lines, we observed induction of Vmp1 expression during adherens junction formation by re-adding calcium to Ca 2 þ -depleted cells (Supplementary Figures 2 and 3 ). Twenty-four hours after induction, no Vmp1 expression was observed, whereas adherens junction formation was almost completed as indicated by E-Cadherin staining.
We then performed RNAi experiments to examine if Vmp1 is essential for the assembly of cell junctions. To this end, HEK293 cells were cultured at low density to avoid cell-cell contacts, and then transfected with either VMP1 or green fluorescent protein (GFP) control siRNA. Downregulation of the endogenous VMP1 mRNA and the protein levels was confirmed by quantitative TaqMan analysis and western blot, respectively (Figure 4e) . After 3 days, cells transfected with GFP siRNA were confluent, but cells transfected with VMP1 siRNA rounded up and showed loss of adherence (Figure 4d) . Cell detachment was then measured by counting the floating cells by flow cytometry, and was found to be more than twofold higher in cells transfected with VMP1 siRNA as compared to the GFP control (Figure 4e ). We also demonstrated that detachment of cells transfected with VMP1 siRNAs was not caused due to apoptosis or cytoskeletal changes (Supplementary Figures 4 and 5) . These results suggest that downregulation of VMP1 and the consequent lack of Vmp1 protein at the plasma membrane lead to failure of cell junction assembly, resulting in loss of cell-cell adhesion and subsequent cell detachment.
Disruption or failure in the formation of intercellular junctions is commonly associated with metastasis of epithelial cancer cells (Martin and Jiang, 2001) , and loss of cell-cell adhesion is a prerequisite for tumor cell invasion (Benoliel et al., 2003) . We presumed that downregulation of Vmp1 might also affect the invasion potential of cancer cells, and therefore investigated this in an in vitro invasion assay (Sahin et al., 2007) . The non-invasive kidney cancer cell line Caki-2 was transfected with VMP1 siRNA, and the number of invading cells was compared with that of cells transfected with GFP control siRNA. The reduction in VMP1 mRNA level was measured by quantitative TaqMan analysis and the effect on Vmp1 protein expression was confirmed via western blot (Figure 4f) . Downregulation of VMP1 resulted in a more than threefold increase in invading cells as compared to the control (Figure 4f) . Thus, our data indicate that the expression level of VMP1 influences the invasion capacity of kidney cancer cells.
Here, we show that reduced VMP1 expression correlates with the invasion capacity of cancer cells as well as with metastasis in kidney cancer. We demonstrate that Vmp1 Figure 3 (a) HEK293 cells were costained with antibodies against Vmp1 and marker proteins for desmosomes, adherens junctions, tight junctions and gap junctions. Cells were stained as described in the legend of Figure 2b . Antibodies against N-Cadherin, Desmoglein-2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and Connexin 43 (BD Bioscience) were used at a dilution of 1:50. ZO-1 antibody (Zymed Laboratories, San Francisco, CA, USA) was diluted at 1:40 for immunofluorescence. Alexa 647-conjugated antibodies were used for immunocytochemistry at a dilution of 1:500. Fluorescence images were obtained using a confocal laser scanning microscope with a Â 63 oil immersion objective. (b) Direct interaction between ZO-1 and Vmp1. HEK293 cells were cultured to a confluency of 50-60% and co-immunoprecipitations were performed using Profound Mammalian Co-Immunoprecipitation kit (Pierce, Rockford, USA) and 200 mg of the ZO-1 antibody. The proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred on to polyvinylidene fluoride membrane and probed with rabbit polyclonal Vmp1 (1:500) and mouse monoclonal ZO-1 antibodies (1:350). After incubating with secondary antibody (horseradish peroxidase-conjugated anti-rabbit and anti-mouse immunoglobulin Gs (Sigma Aldrich, St Louis, MO, USA)) the proteins were detected using the ECL western blotting detection system (Amersham Biosciences, Buckinghamshire, UK).
M Sauermann et al is a plasma membrane protein located at primordial junctions, and that it interacts with ZO-1 within these structures. Downregulation of Vmp1 results in cell detachment and increased invasiveness. At the molecular level, a comparable mechanism has been described for E-Cadherin, a primordial junction and adherens junction protein, which also functions as an invasion suppressor (Vleminckx et al., 1991) . Thus, we have for the first time identified the function and cellular context Vmp1 is involved in, and emphasized its critical role in cancer cell invasion. 0 (antisense). Transfections were performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions, and after 72 h the culture medium was centrifuged to collect non-adherent cells. The cells were fixed with 4% paraformaldehyde and counted by flow cytometry (FACSCalibur, BD Bioscience). VMP1 knockdown was confirmed through TaqMan analysis and western blot. (f) Vmp1 knockdown increases the invasion potential of the kidney cancer cell line Caki-2. The invasion assay was performed as previously described (Sahin et al., 2007) . Knockdown of VMP1 was measured by TaqMan quantitative RT-PCR and western blot.
